We have reported that a change from a lysinedeficient diet to a lysine-sufficient diet induced compensatory growth in rats and pigs. The aim of the present study was to determine whether compensatory growth of C2C12 myotubes occurs only by sufficiency of lysine or also by the synergic effect of sufficiency of lysine and modulation of the levels of insulin-like growth factor-I (IGF-I) and glucocorticoid in a medium. The results provide the first evidence of compensatory growth of C2C12 myotubes induced by sufficiency of a single amino acid in combination with modulation of the levels of IGF-I and glucocorticoid.
Compensatory growth is the ability of animals to grow at faster rates after feed restriction than unrestricted animals of the same chronological age. 1) Nutritional sufficiency and hormonal changes are thought to be involved in compensatory growth, but the precise mechanisms underlying this phenomenon have not yet been elucidated. We have reported that changing from a lysine-deficient diet to a lysine-sufficient diet induced compensatory growth in rats and pigs. 2, 3) These studies demonstrated for the first time that changing dietary levels of a single essential amino acid from deficient to sufficient induced compensatory growth in growing animals.
Furthermore, lysine sufficiency increased nitrogen accumulation and muscle weight gain in rats exhibiting compensatory growth as compared to control rats continuously fed a lysine-sufficient diet.
2) These results suggest that faster skeletal muscle hypertrophy contributes to compensatory growth with lysine sufficiency.
The values of the serum concentrations of lysine and insulin-like growth factor-I (IGF-I) in the rats fed the lysine-deficient diet promptly returned to the control values after the change to the lysine-sufficient diet. 2, 3) It has been reported that ad libitum feeding after restriction feeding increased plasma IGF-I concentrations to the control levels in young bulls and pigs. 4, 5) IGF-I stimulates hypertrophy in myotube and skeletal muscle, [6] [7] [8] but the role of IGF-I during compensatory growth remains unclear. Conversely, serum concentrations of glucocorticoid increased during administration of a lysine-deficient diet, and returned to control levels after changing to a lysine-sufficient diet.
2) Glucocorticoid induces proteolysis in skeletal muscle and myotubes. 7, [9] [10] [11] Although changes in circulating IGF-I and glucocorticoid levels acting on protein accumulation were suggested to be involved in the mechanisms of compensatory growth with sufficiency of lysine, recovery of circulating lysine levels might induce compensatory growth by itself without any change in endocrine state.
Whether recovery of circulating lysine levels alone affects compensatory growth could not be determined in vivo because lysine sufficiency is always associated with changes in the hormones, IGF-I and glucocorticoid. To separate the effects of lysine and the hormones, an in vitro study with cultured cells is required, but to our knowledge there are no studies investigating compensatory growth phenomena in cultured muscle cells.
The purpose of the present study was to determine whether myotubes exhibit compensatory growth under lysine sufficiency alone, that is, increased concentrations of lysine, and/or in combination with modulation of IGF-I and glucocorticoid levels in the medium.
C2C12 myoblasts (ATCC, Manassas, VA) were seeded at 1 Â 10 4 cells/well in six-well plates and cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum. At confluence, the myoblasts were induced to fuse into myotubes by changing the medium to DMEM containing 2% horse serum (the differentiation medium). After 48 h of culture, the differentiation medium was replaced with serum-free DMEM, in which the cells were maintained for 12 h before the experiment, to eliminate the effects of hormones or growth factors that might have interfered with the treatments tested. We prepared two media at different lysine levels, DMEM (Lys 0.8 mM) and a low-lysine medium (Lys 0.04 mM). The low-lysine medium contained the same components as DMEM, except for lysine. The concentrations of lysine in the low-lysine medium (Lys 0.04 mM) were determined based on the results of our preliminary tests, and . Two concentrations of IGF-I (50 ng/mL and 100 ng/mL) and dexamethasone (Dex, 1.0 mM and 1.5 mM) were used in different combinations in the two experimental media. The myotubes were fed either a control medium (DMEM (Lys: 0.8 mM) containing 100 ng/mL of IGF-I and 1.0 mM Dex), or a negative control medium, the lowlysine medium (Lys: 0.04 mM) containing 50 ng/mL of IGF-I and 1.5 mM Dex for the first 18 h (the restriction period). The concentrations of IGF-I and Dex in the negative control medium were based on the serum hormone concentrations of pigs and rats as determined by our previous in vivo studies and a previous in vitro study. 2, 3, 12) After 18 h of incubation, the control medium was replaced with the same fresh medium (positive control, PC). The negative control medium was replaced with each of the following media: the same fresh medium (negative control, NC), the low-lysine medium containing 100 ng/mL of IGF-I and 1.0 mM Dex (IGF-I (þ) and Dex (À)), DMEM containing 50 ng/mL of IGF-I and 1.5 mM Dex (Lys (þ)), and the control medium (Lys (þ), IGF-I (þ), and Dex (À)). Cells incubated in the negative control medium for the first 18 h were treated with increasing lysine concentrations and/or increasing IGF-I and decreasing Dex concentrations for the next 18 h (the realimentation period). An experimental overview is provided in Fig. 1. At 0, 18 , and 36 h, cell monolayers were washed twice with icecold phosphate buffered saline (PBS), and the cells were dissolved in 1 mL of 1 N NaOH. The protein concentration was determined by BCA assay (Pierce) with bovine serum albumin as standard. We calculated the protein accumulation rates of the cells by dividing the increment of protein content of the cells from18 h to 36 h by the protein content of the cells at 18 h.
Analysis of variance was used to estimate protein levels and rates of protein accumulation by the GLM procedure in the SAS statistical package (SAS version 9.2, SAS Institute). Statistical significance between least square means was calculated by the least significant difference method following the LSMEANS statement of the GLM procedure in the SAS statistical package (SAS version 9.2, SAS Institute). Figure 2A shows the protein levels in the C2C12 myotubes. Myotubes cultured in the negative control medium (Lys 0.04 mM, IGF-I 50 ng/mL, and Dex 1.5 mM) for the first 18 h showed a smaller increase in Compensatory Growth of C2C12 Myotubesprotein content than the cells cultured in the control medium (Lys 0.8 mM, IGF-I 100 ng/mL, and Dex 1.0 mM) (p < 0:05, Fig. 2A ). The cells treated with the Lys (þ), IGF-I (þ), and Dex (À) medium or with the Lys (þ) medium for the last 18 h reached protein levels equivalent to that of the cells cultured in the control medium for 36 h.
Next we determined the protein accumulation rate of the cells during the last 18 h of culturing as an indication of compensatory protein accumulation (Fig. 2B) . Although replacement of the negative control medium with the Lys (þ) medium increased the protein level to the level of PC ( Fig. 2A) , it did not affect the accumulation rate of the cells (Fig. 2B) , and increasing the lysine concentration was not sufficient to induce compensatory protein accumulation. Likewise, replacement of the low-lysine with the IGF-I (þ) and the Dex (À) medium had no effect on the protein accumulation rate (Fig. 2B) , suggesting that modulation of the hormone concentrations in the media was not sufficient to induce changes in protein content. However, when the culture media were changed to the control medium, Lys (þ), IGF-I (þ) and Dex (À), for the last 18 h, the cells showed greater protein accumulation rate than those cultured continuously in the PC medium (Fig. 2B) . The C2C12 myotubes cultured in the combination of increased lysine and IGF-I and decreased Dex concentrations exhibited compensatory protein accumulation, that is, compensatory growth. Hence the combination of increasing lysine concentrations and modulation of the hormone levels in the media was required to induce compensatory growth in the C2C12 myotubes.
In this study, we induced compensatory growth by combined modulation of lysine, IGF-I, and Dex in C2C12 myotubes. We have reported that lysine sufficiency after lysine deficiency induced compensatory growth in pig and rats. 2, 3) The concentration of serum IGF-I promptly returned to the control values within 3 d of the change to a lysine-sufficient diet in rats.
2) Yambayamba et al. (1996) and Therkildsen et al. (2004) have reported modulation of plasma IGF-I concentrations in animals showing compensatory growth by ad libitum feeding after restriction feeding. 4, 5) We also reported modulation of serum glucocorticoid concentrations in rats exhibiting compensatory growth simultaneously with modulation of IGF-I.
2) In the present study, combined modulation of lysine, IGF-I, and Dex was essential to induce compensatory growth. Therefore we infer that the induction of compensatory growth in animals after lysine sufficiency requires not only increased circulating lysine, but also changes in the endocrine state, the concentrations of IGF-I and glucocorticoids. Because we did not separately investigate the roles of IGF-I and Dex in compensatory growth, further work is required to determine which modulation is more important for inducing compensatory growth with enhanced circulation lysine levels IGF-I or glucocorticoid.
In conclusion, the present study provides the first evidence of compensatory growth in C2C12 myotubes, and indicates that this process requires increased lysine concentrations in combination with modulation of the concentrations of IGF-I and glucocorticoids in culture medium.
